We obtained spectroscopic evidence in support of salicylate-dependent inactivation of horseradish peroxidase-C. Addition of salicylate to the enzyme arrested at a temporal inactive state (Compound III) in the presence of H 2 O 2 , resulted in rapid and irreversible inactivation of the enzyme yielding verdohemoproteins (P-670). Multiple roles for salicylate in peroxidasecatalyzed reactions are discussed.
Spectroscopic Evidence That Salicylic Acid Converts a Temporally Inactivated Form of Horseradish Peroxidase (Compound III) to the Irreversibly Inactivated Verdohemoprotein (P-670)
Tomonori KAWANO,* , ** , † Shoshi MUTO,*** Masaru ADACHI,**** Hiroshi HOSOYA,***** and Fr áed áeric LAPEYRIE * Salicylic acid (SA) is well recognized as a plantdefense-inducing chemical produced by most higher plants in response to pathogen attacks. 1, 2) In our previous study on the mechanism for production of reactive oxygen species during the defense-induction processes in plants, especially in suspension-cultured tobacco cells 3) and epidermal cells of Vicia fava 4) used as model systems, we observed that SA plays a key role in extracellular superoxide-anion (O2 "
)-generating reaction catalyzed by extracellularly localized peroxidases secreted from the cells.
3)
The peroxidase's catalytic cycle coupled to consumption of H2O2 is well known for oxidation of various substrates. In the presence of H2O2, the native form of enzyme (Fe III ) is converted to Compound I (heme with Fe IV ＝O and porphyrin radicals) that catalyzes the oxidation of substrates by converting itself into Compound II (Fe IV ＝O). Compound II also catalyzes the oxidation of substrates while reconverting itself into the native form, and thus the peroxidase cycle is completed. Based on the results from chemiluminescence studies 3) and electron spin resonance spectroscopic experiments, 6) we have proposed a hypothesis that Compounds I and II of tobacco enzymes catalyze the monovalent oxidation of SA, yielding SA free radicals, and SA free radicals may be involved in a subsequent series of reactions producing O2
" . Similarly to SA, other peroxidase substrates rich in tobacco plants 7, 8) and pathogenic fungi 9) are also monovalently oxidized into free radical species. These free radical species may be the mediators for the peroxidase-dependent O 2 " generating reactions in the presence of dissolved oxygen.
It has been proposed that not only guaiacol-utilizing plant peroxidases but also ascorbate peroxidase can utilize SA as a substrate by a similar mechanism. 5) In our previous studies, we have employed a major horseradish peroxidase isoenzyme belonging to the C group (HRP-C) as a model guaiacol-utilizing peroxidase for studying the mechanism of SA-oxidizing reactions commonly observed for many plant peroxidases, and conˆrmed that HRP-C also catalyzes the SA-dependent O2
" generating reaction. 6) In addition, we obtained the electron spin resonance spectroscopic evidence in support of HRP-C-catalyzed formation of SA free-radical species from SA 6) . In addition to SA's role as a substrate in the peroxidase cycle-dependent O2
" generation, here we report a novel behavior of SA as an irreversible inactivator of HRP-C in the presence of excess H2O2. It is known that the native form of HRP-C is readily converted to the temporal inactive state known as Com- " required for HRP-C W Compound III conversion), the enzyme is arrested at Compound III. 11) We observed that the irreversibly inactivated protein known as the verdohemoprotein (named after its green color) or P-670 pigment (named after its absorption maximum at 670 nm) was produced from Compound III in the presence of SA.
SA, HRP-C, and other chemicals were purchased from Sigma (St. Louis, MO., USA). HRP-C was used without further puriˆcation. The concentration of HRP-C was measureed spectroscopically (e403 nm ＝ 102 mM "1 ・cm "1 ).
10)
Absorption spectra of HRP-C dissolved in 1 ml of 20 mM K-phosphate (pH 6.0) were recorded on a Beckman DU-70 spectrophotometer at room temperature with a spectral bandwidth of 1.0 nm in a cuvette with a 1-cm light path. Native enzyme has absorption maxima at 404, 500, and 639 nm (Fig. 1A , absorption maxima at 500 and 639 nm are shown). Compound I which has characteristic absorption maxima at 404, 550, and 650 nm, is reportedly formed after addition of 0.5-1.5 molar equivalents of H 2 O 2 to HRP-C.
12) However, Compound I was not stable and was easily converted to Compound II that has characteristic absorption maxima at 420, 527, and 556 nm. By addition of 2-15 molar equivalents of H2O2, accumulation of Compound II was stably observed (Fig. 1B , absorption maxima at 527 and 556 nm are shown). In the presence of 40-100 molar equivalents of H2O2, absorption spectra of HRP-C showed absorption maxima at 415, 545, and 578 nm (Fig. 1C , absorption maxima at 545 and 578 nm are shown) indicating that the majority of HRP-C molecules has been converted to Compound III, a temporal inactive form of HRP-C. 12, 13) As previously reported by Adediran, 14) Compound III of HRP-C was very stable at neutral and high pH, and also at pH 6.0 no decay of the absorption maxima (at 545 and 578 nm) was observed within 15 min (data not shown).
Addition of SA to native HRP-C induced no changes in the absorption spectrum, and the enzymes arrested at Compounds I and II are readily reduced back to the native form by SA, conˆrming that SA is a good substrate for the H2O2-requiring catalytic cycle of HRP-C (data not shown).
Here in this study, the eŠects of SA on Compound III were examined. SA (3-30 molar equivalents to HRP-C) was added to Compound III generated by addition of H2O2 (100 molar equivalents) to HRP-C (Fig. 2) . Absorption spectra were recorded immediately after addition of various concentrations of SA to the HRP-C reaction mixture rich in Compound III. We observed the spontaneous decay in the characteristic absorption doublet (545 and 578 nm) of Compound III, indicating that SA spontaneously converted the Compound III to other forms of HRP-C. On the other hand, an increase in absorption maximum at 670 nm was observed. It is known that an increase in the absorption maximum at 670 nm in any heme-containing protein indicates the formation of P-670, the irreversibly inactivated from of hemoproteins, so-called verdohemoproteins. 15, 16) Even in the absence of SA, Compound III is slowly converted to P-670, taking several hours. In contrast, the SAenhanced conversion of Compound III to P-670 was shown to be very rapid. This indicates that SA e‹ciently accelerates the conversion of Compound 
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III to P-670, thus irreversibly inactivating the enzyme.
Since the conversion of HRP-C to Compound III is reversible, Compound III is often considered as a source of O2 "
. Especially in the reaction mixtures containing indole-3-acetic acid (IAA), plant peroxidases (but not non-plant peroxidases such as myeloperoxidase) are readily converted to Compound III by a complex mechanism.
10) When Compound III is re-converted to native enzyme, bound oxygen is released as O2 " . 10) These IAA-dependent reactions catalyzed by HRP-C can be followed by the O2 " -speciˆc chemiluminescence of a Cypridina luciferin analog. 17) However, in the SA-dependent O2 " generating peroxidase reactions, O2
" is supplied from the conventional peroxidase cycle other than the Compound III forming reaction. 6) Instead of release of O2 " , formation of Compound III may lower the level of SA-dependent generation of O2 " , since Compound III is not capable of SA oxidation. Conversion of Compound III to verdohemoproteins (P-670) may further lower the concentration of catalytic active enzyme.
In our previous reports, we summarized that SA plays multiple roles in the plants. 3, 6) First, SA inhibits the decomposition of H2O2 by catalase by binding to it (i), and that by a Fenton-type reaction by chelating the catalytic metal ions such as Fe 2+ and Cu + (ii). As a consequence, SA lowers the production of hydroxy radicals (iii) by blocking the Fenton-type reaction. In addition, SA behaves as an eŠective scavenger of hydroxy radicals (iv). Thus, SA protects the cellular components from highly reactive hydroxy radicals (v). On the other hand, SA promotes the production of less reactive oxygen radical species, O2
" via peroxidase reaction (vi).
In the P-670 forming reaction occurring in plant tissues, SA may contribute to the maintenance of the H2O2 concentration required for total reactions, and enhancement of HRP-C W Compound III-conversion by generation of O2 " . In this study, we initiated the conversion of HRP-C to Compound III by addition of excess of H2O2, so that eŠects of SA on H2O2 concentration and generation of O2 " can be ignored. Due to SA's reactivity against hydroxy radicals and inhibitory action against the hydroxy radical-generating reactions, we can eliminate the possibility that hydroxy radicals are involved in the SA-induced inactivation of HRP-C. However, at present, we cannot propose the mechanism involved in SA-induced P-670 formation.
In conclusion, roles for SA in HRP-C-catalyzed reactions are summarized in Fig. 3 . Compound III is a complex (Fe II -O2) formed from heme and O2 " , thus production of 1 molar equivalent O 2 " (rather than 40-100 molar equivalents of H2O2) eŠectively converts the native form of HRP-C to Compound III. 12) As we have previously reported, 6) addition of SA to HRP-C produces O2
" via a catalytic cycle requiring H 2 O 2 , thus the SA-induced O 2 " may contribute to the conversion of the native enzyme to Compound III. Furthermore, the resultant Compound III may react with SA,ˆnally yielding P-670. As a consequence, SA may accelerate the irreversible conversion of Compound III to P-670. This may partially explain why the SA-dependent O2
" production in HRP-C reaction mixture is only transient. 6) Peroxidases play multiple roles in plant defense mechanisms. As noted in our previous studies 3, [7] [8] [9] and other plant systems, 18, 19) peroxidases may contribute to the production of reactive oxygen species such as O2 "
. On the other hand, plant peroxidases largely contribute to the expense of reactive oxygen species by consuming H2O2. Since P-670 no longer participates in either the production or removal of reactive oxygen species, SA action on conversion of active enzyme to P-670 may wave a great impact on the plant's ability to control the level of reactive oxygen species. Ourˆnding may induce discussion over the action of SA and peroxidases during plant defense mechanism.
